the end of the 1990s, mTOR was shown to phosphorylate two major substrates involved in translation, the S6K1 kinase and 4EBP1, followed by a series of key publications from multiple laboratories in this and other journals that shaped the core pathway in the early 2000s. Work in Drosophila and mammalian cells demonstrated that the TSC1 and TSC2 tumour suppressors inhibited mTOR activity by promoting GTP hydrolysis of the Rheb GTPase. At this time, growth factor signalling and the PI3K-AKT pathway were also placed upstream of mTOR by demonstrating that Akt phosphorylated and inhibited TSC2. mTOR itself was found to represent two separate complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2), with only mTORC1 being rapamycin-sensitive. These two complexes were shown to have distinct downstream responses, with S6K1, 4EBP1 and several key transcription factors placed downstream of mTORC1, and kinases such as AKT, SGK and PKC downstream of mTORC2. mTORC1 and mTORC2 are also subject to distinct regulation: although both are controlled by growth factor signalling, mTORC1 additionally responds to changes in nutrients, amino acids, energy status and oxygen levels.
Moreover, elegant work in the last decade has added the amino-aciddependent regulatory network that controls the Rag GTPases to the inputs upstream of mTORC1 activity, and has established the lysosome as the key activation platform for mTORC1.
Research into the functional outcomes of mTOR has revealed a similar level of diversity (Cell 168, 960-976; 2017) . Very early on, loss of mTOR activity was shown to prevent cell cycle progression, and this proliferative role of mTOR was soon linked to its control of anabolic cellular processes. For example, mTORC1 is known to promote mRNA translation, and lipid and nucleotide synthesis, but also inhibits catabolic processes such as autophagy. Separately, both mTORC1 and mTORC2 are involved in the control of glucose metabolism, and mTORC2 inhibits apoptosis but further regulates cytoskeletal remodelling and cell migration. This multitude of cellular functions translates to crucial roles in physiology and disease at the organismal level. mTOR signalling has notable roles in glucose homeostasis in the liver and pancreas, regulation of muscle mass, adipogenesis and lipid metabolism. As a fundamental pathway regulating cell growth and metabolic homeostasis, mTOR is unsurprisingly frequently activated in cancer. Substantial efforts to characterize its complex roles and dysregulation in this setting have led to some positive clinical results, with rapamycin analogues approved for treatment of a number of cancers, and ongoing work at the bench and in the clinic to identify other mTOR-targeting strategies. mTOR has also been implicated in organismal ageing with the underlying mechanisms being actively investigated.
For a cell biologist in 2017, it is hard to imagine the time when a pathway as central to cellular homeostasis as mTOR was still uncharted territory. Indeed, more than 25 years after its discovery, the textbook page of mTOR's regulation and functions is very heavily populated. Looking back, it is important to remember that this was the outcome of fundamental discoveries from multiple researchers, who conducted work in systems as diverse as yeast, mammalian cell lines, mice and Drosophila through a combination of genetics, biochemistry, molecular and cell biology. We congratulate Michael Hall for the Lasker Award and for seeding the discovery of TOR. We thank him and the many other researchers who contributed to the elucidation of the pathway, and apologize to all the scientists whose work we did not have space to acknowledge in this short piece.
mTOR has been and remains the source of surprises. During the signalling heyday of the 1990s, it provided the conceptual leap that cell growth is an actively regulated process. More recently, it revealed the lysosome as a platform for amino-acid-dependent signalling, and continues to be one of the most active areas of cell biological research. With that in mind we look forward to the new and exciting chapters awaiting to be written in the fascinating story of TOR.
